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Abstract: Continuous dynamical systems safety verification is an important research issue, and over the years, various verification methods
have been very limited in the scale of the problems they can handle. For a given continuous dynamical system, this study proposes an
algorithm to generate a set of compositional probably approximately correct (PAC) barrier certificates through a counterexample-guided
approach. A formal description of the infinite-time domain safety verification problem is given in terms of probability and statistics. By
establishing and solving a mixed-integer programming method based on the big-M method, the barrier certificate problem is transformed

into a constrained optimization problem. Nonlinear inequalities are linearized in intervals using the mean value theorem of differentiation.
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Finally, this study implements the compositional PAC barrier certificate generator CPBC and evaluates its performance on 11 benchmark
systems. The experimental results show that CPBC can successfully verify the safety of each dynamical system under specified different
safety requirement thresholds. Compared with existing methods, the proposed method can more efficiently generate reliable probabilistic
barrier certificates for complex or high-dimensional systems, with the verified example scale reaching up to hundreds of dimensions.

Key words: continuous dynamical system; barrier certificate; probably approximately correct (PAC); interval linearization; mixed-integer

programming

2 A BRI 1) AR R Y 3k 7 V2R B R GRS AT I A% A5 2 18 78 20 4 T SR ) B LA A 1) L X SR SN
ARG R AU N, 0 E S R A BT P R P ANV, G NS A 4
IREE LR LA R B B AR it 1Y) 1B 0847 B B R S TR U IRAIE A2 X 3 1 R G0k AT IIE I B U7V, EEE ] 4y
R B8 UE IR 2R SR PR Al 7 2. T2 MBI R GBI R 2 AN RE R HTAEH, AW /1%, %
R RO R R 3 4. TR R I F8 b, AN 1 R 2 1) s M 43 R 4 AT e AT b 4%, 31 R B RPIRES =
i) 368 5 A v ), BN T ISR Y S P RO, e A I Ak X G AT g R SR T I AR R D R R R,
B — R HNJ7 R AE SR R v ) RS 52 B — e BRI, —ARATE 20 4ERLA.

TEVFZ SEFRR R, RG22 AP 55 SR A AR AT DS I 0 B — 52 M2k PRk 2 . RE T A R R IR 7
Hrie—N GBI AU A, AL B RSB Y o)/, e — 2R R TR R A SR I Bl 4, BNTE R BAE
TRIER G A, 7 — R U E R R AW T FREAT 2 VEVPY. AT IAT 7iH, Xue 55 N RH
1R T AUIEH) (probably approximately correct, PAC) 2% > HE4E W, i3t A= ik PAC FbSHIE i (barrier certificate, BC)
BOAUE RS IR 22 Ao ) AR, 24 75 BA BRI 0 % A SR BRI, R A AT BESR A TR B e Ak AR H
TR AL, Xue 25 A RHUK X LR A S HEAT E 30 0795 P ASSCHR A T A R 41414 30 PAC BRI RS
%, FEIIE R RB ) RGN 2 AR, Refs TN R0 Hh K AR 2 550 SR F ) 5 ) g ik 2 2] — L RS IR, B
IO AE I FR A A i s A 1k, A SRR IE PSR 2 A SR IE - Ie & (0 AR, 2 T BRI PE e A i 1, RFTE
A SR I AR P 2] IE B TREARFINE A 2 R M S 3R 22, FE H R A At B I8 E 45 1. 5 e 754
bl ASSCHR S ) g v e 2 75 SRR T 8280 )1 RGN 2 Ak, TEAERIIE A TRIERIE R A R AEEME LT, &
JTEREM HEAT 2 AR AT, T SO ISR iR 4 2 2k RGN e . R ESR B 1E, B 7t 7 54t
TAVER B VAN, (HIX FEA B AT DU CR 20T (1 22 4.

AT E S HEAS PAC FRASAE S, A SCHEH —Fh T K M ik BUIR & B EONR 5 1E3047 3R . TE45 8 L 475 SR 1)
BZSH e MBEBEKT-SEH B HEI T, 27751 BAr 2% I EVIMG X 2/ 1 - g EEE N e LB/ Er
HEZ K TEET 1 — e MR BERET. @51 N B MM 3R A8, B0 AN 2 20 R G640 10 34T B, LAY
JEXF FASIE S R R SR B A, X TN AT A DX 3 BB AR AE I RE A 5, 1 FEX LA 29 TR 25 M e DL — ki) A2
B THERAR RN 1, A SRR SR PR AR R 2 AR R O B, 12 R 0 A SR A R SR il TEARRAL
B A e MU TR 3 AR S R, R R A v A2 i 1) R4 2% A ) e O i R AT e 2D, DR s B e 1) 2k 28 A
AT M. EEF R M VERR A B EUR R 7 R A3 PAC 22 3] FRal R BN R IR S I 0. N T &b
A HAEAE, AR 7 5 A 7 vk (R0 X ) A 4 3 A i U1, St 22 T 300 v 18 B A R AR S
DX T4k 7 95, K ALt AN st o 2t AR 2 s Y, A PR SR A 2% Gurobi HEAT SRR, X Bl 7 VA M b B2 HEAT IX
) ey L A BB AL M UT LU R AR 20 3R, 4 s AR 1] B R SR AR A SRR B LA I A, AT L R R A S
BEVERIAT 5 FE R PAC FRASIET.

KB ERELE ) REIME LI IR A — P a7, JBid 456 PAC F#oIHESE . ET K M ZERIR
B FEHHN RN B 50732, T PASRAE—H A -SRI PAC FERET, MM R G 22 e P RIS, N T 3610F
JIE AR SR T, AR SO Z R T 11 NESEEN 1 R AR 2 AV EIRTFAT 55, I 58U SeiiE 7 kAT
X PGSR, 25 SRR, AR VAR CRUE MO I AT 4R R, SRR T vh ST (B F0 25 (R R 4. ik — P HES&E 2230 )
RGNEZ L ISR K . 2% b, AR SCH EZE TRk HE LA T A

o PR T I R A T 7 S — 26 30 PAC RIS IR B0, B0 1SS ) KRG MNER 2 A (R EE.
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o K 1A UL AL N A TR M AR TR B S HOIR fi) REL, S AN A2 0 SRS A 1 e B BRI, AT B e B I
- FE AT A5 L

o 37 AR A T VAN T 0 v A R B X TR D5 2o AR Ze AN S U AL 9 2 AN 28 5, RENS SE I ol
GRZIH, LA 1R B R SR AR AR

o LI T 414 PAC FEAIE TR BT B CPBC, JH7E 11 MEUE RS RATAILMERE. SEah4h RRWIZ T H MR h
WAIE T FT A RG] R 2 A, OF HAH BB 7300 T IR IE R A R Gk e 4k R 50 = AL

ARSCEE 1AM AR 3 2 TN AT HR. 28 3 WA AE I REMAE L ERIEES. 3 4 W AHE
i PAC b UES IS WU TSR0, 58 5 i/ SRR, JF Il ARSI 7 om th 5073, 55 6 1 11 M RZ
BRI R GUHAT I, 5 T RS A

1 HEXITIE

TESERR N, 2 MR REH AR T IESZ) ) REMER. X TRAIRESE) I REN w2 atE, AERE
JERE— Bl S B T R, TR FRGEAE T R AN [R50 B P 4 22 A SR AR T S R B AR T DR A 2 Rl Ak 2,
BU 238 3ot S 5 1A B 2R 496 1 TG PR B 1) 90 L PAY ) e 4 . 3 3o TS0 4 R AOABEARE, T LK 1 8 fRi A0 A B e Ak B
P SRS A 1) 1) A P B SR P EAT B0 ) B ) AR T2 F Prajna 25 A\ UTHR MY, BEAHIE P RE S I A RS 3 A
R Z % PIAHOC, BUBRATIE B T 3 BRASIE T 4 R I gD DL B A B e P 077 iF AR —H B T &
TR A BERGIUE TS, 77 A AR AN G T AT PR AR P4 . [Rehik 3 AT DA HR T AR 77 ik AN ], 40
e T A 2 =X

iff 5 T 3K ) B 00 A 588 5 P T B MR 1 i 82 80) ) R ) & A k. Hor ) R iSHIE 0 T 0% — N e 1T R 2
B2 I, REW NSRRI R G000 22 A XSl RN 7. T 2 00 B R E 5 AT DL 3 B0 v S B 1 5 v Sk A
Wi L BAFAE, I T TARIE RS LA LR A T ARFRE — A & X3 A . Prajna 25 A U7 SR A IE 577 44 2 3
e G R BERSAIE P 0T 5 AL, X EL T —ANE T NP Al i 230 1 XL P B AN 5 2SR g 17 /L. Sloth 28 A\ U157 T
— R A LRI, T 2 2R B 192 1 RS 2 4. Kapinski 28 A\ PR T —FhJEF Lyapunov 3K
FEEAFAE TS, EL Prajna %5 A SR HS (0 FASHIE 1 5 AR 7 (H 5 5 T AbFE. Platzer %5 A\ PR T A28 Bk TR RS IE
AR, 2 R 2 IS A SN RAE, ¥ T RSIE R rya B, e DUSIR T 72 1 &R 402 4 ) .
Sogokon 25 N\ IR H —FiFk A2 Lyapunov BT VA MIEAR, SR BERFIE 1S 1 S H06 4, DARFFE 2R 2= 10 A
P, AT RE 18 22 HA B8 — MRRAE A B V2 B BT IE 5. X6 T Bl iiE 554 i gmfid, — s F vk P £
TR 2N 2 5 AR FE A I 4% E e A g D 1 152324 53—y 1024 ] Hamilton-Jacobi 7] i 1 43 #r (488,
W B0AIE 21 G B A A e 2 R 0, 2 W s T 3 A0 IR RS AR 13 26 R TS5 T, eI A A0 7 2 T O R gm R AN
BMI Rl ™, &2 B & R KAL) R 4. Zeng %5 N\ PO Hi 48 F Darboux % 2 [ A5 IE 5 K ARAIE R 4510 % 42
P, FIETARH 2658 S, FFRT RAXT 2R G e ft £ .

MR T 20 B RSIE 1538 F T B e M BE AL 1 R B, 7T CARGR RS 7E — MR T O R AR 22 4 X 38 N I AT
R, B 4T b R RGN E . B I ATk 22 R A GE T AR R G 6 T b o T kA A PO SRBGIE Bt L
RGBS RAEIRI0 H BE SR AR GEH ARIE B MRS 20 BRI 15 AT LU o BE LA A SR BE AL AR SR s . Bl LA
HUI BT MR 40 A7 R BB LR B, FH TR R BEHLIE 7. BE AL FE & — Fh IR B HLAT 9 BE BN (] J6 3% 1 4%
ST H. Xue 25 N\ P PAC HESL3E SUBESR BERFUE 15, B TERF FUAE A E FEA R — & BAS FE B 0L T, dnfaf I 45
Kl b o) — AN R s R I RSB, SR IGAIE A2 M sh i N I 3h 1) R G RIME R 22 41k Huang %5 A PP
H — T B RSHIE 5 B BE AT 4 RS e ARER BUR G N2 2 A B0 0IE J5 v, W 28 22 A IR IF [n) R AL N AE T AEtR
A543 18] v 548 TR 21 1 B SIS AR R ) X 38 14 1) A, Kumar 25 A B3M ) B R Tk 22 sh A (3R oy
o ol R R K, 5 R AR LU Ao 420 D0 485 (10 o M 2, AR SR D YRS 2 35 D e A MU BE. Luo %5 N PSR T M
B RERFIETS (PrSBC), {8 A 128 il SR 5 0K 58 SUMEAE 22 4 1) W] Re 45 il B AR 1) 25 ), i A Rl s A R e
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) MR 5 22 A b8 Ting 5 N PSR T —Fh e A PRI VE RE UV IO B A UE TS, ZE B il 7E KW b
SE SCHTHT I AN P TR, B T 56 T ATIAEANIE T AV ) 7 7%, REORIE 2 225 AR BE L 22 P bl oK. B
MR TE PR AFIE TS BRI A JE, oK AR BORIBR 2 (1 SR B ] Pp A% S 24 ], W R 2R R R 2 e R dR it S
A THI ) PR .

2 IR

BTN DN R GRS TE I 35 5o A6 TR0 I T3 23 oo e 0 X ) 2 PR vk,
2.1 BHhEGREM
18— IS R B O T R AR ) 8280 ) R G
X=f(x) ()
Hrp, xeROBIRAIE, ¥ R R SH dx/de, e R R, £ R — R RIERE S DR b L
Y. B R R R S KA, ORGP T REANIRRE xo , 75— BRI R X 18] (0,77,
TEZIX ] A 8l 1) R G ME— R x(xo, 1) -

ARG (1) BHEEAE RGNS X <D IPIEXIEX, c X, X N—EFEE. Q N X, IRMNEI 4,
TR BRMIATE SRR K3 1 RGEF R NIUTEA C = (f, Xo. Q.X) . SRTT, B3 2 GiAE 52 3 H T 5 22 4= 1k Bk
i eI RS BTERET RAE ARSI R EXIB IR, 6T 583 1 REM 5, et RIIEE %
HE FARZWRERETRFECENER. S AUk e aEL X X, c X, R X X, H
R RGBT RIS R N EA SRR X X, , WIFREH 11 RS C %40,

EX 1 (ReW). W T—MESLN IR C = (f, X, Q. X) M ML EXE X, cX, Kb X, nX, =2, H &R
GEIBIGZAE X FIEHA SN L E X X, , BIXHMER x e X, , (ER T >0:

Vi e[0,T], (x(x0,7) € X) A(x(x0,T) & X,.),

MR iZ R G e =4 .

FE X 1 RN TN RGZAETENNE SUE X, BEMRRREBIT IR P BRAEANSENIEL X, 311 2%
I AR TR R R, BT LRSS IR, X T 3170 R 2 A I E — B DR — N B A PR
i) B H AT AR 56 UE (1 in) LS SZ B — & IR R, — MR PRAE 20 4E LY. 2RTf0, Wik o1 RAAE — @ MR EIL N A
R AR, BDANZER BT AT 46 DX 80 K IR ZS LR ER 56 42 8T 4F 22 4 K, IXFEI RGO FR 24 &
8. NN RG IR LN RGN ZVEEATE 04T, 7R T I AL T 471, A HO&E N B8 9 B 2% ) 2 s L
b i) B, A R T A E TR . B X 2 AN RGIME R 2 A E X

EX 2 (HERREM). BEANIIRL C = (f. X0, Q2.X) KT e 0,1) M e (1) RMBAFRUPLZ K, nRE D
1-BIMERBET, S RGEW R LRI ERTET 1-¢.

TE X 2 RAE NN RGBT LA, WEERD 1 -gEBET, W2 Q IBENIIEIRE x, R PIR
BEAERESEAPASENEZTEX MMM EZE DN - RAMME MRS PAC 22 IHELE LK.
PAC 2% SJHESE V2 B T ML 2% 2 O, 2 — PR T Gevh 2 S BRI U5 k. 25 R4 it 7 76 A IR0 & Fomid fil
HURFESFAG R G 2 VE i TT k. B IR RS T 2 AT K BME S HOM B 15 /KT S HE LT CRIUE 2~ > B85 I 2k
ROR, A ZHE S 5E F T S E R H . A 18 Q 3 51704 B L, SRT, A SCRJ7 i tod F 1 oAt 3 A
L.

22 HERMRLFE

Y EeARAL 715 (scenario optimization approach)[ﬂ%*ﬂ’ﬁﬁ TR e B A JEBR AN 29 5 1) A Ak 1) 8 A SR
TEIXAR T IR, B AN M AT MR A, JR it — 4 4 DL A BRI AT PR F IR AN & 1, W A e P 5
MR s, B St TR UK RAE. B TR P Rk e R R IR hs(y) < 0,Y6 € 4, IBIERER S0 A0 P
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£ A4 ERENURAEAHIEVESH6 9 K ADNBOLR D AT 60, 62,...,6% , FHG R IR A SR AR5 X K AMFEAS
FERI LA AA 0 B, AT B AT S A % . BB T R A Il g

min c"y
¢ 2)
s.t. hs(y) <O,¥S € 4

R SRAETC IR LI AR LA 10 R A Ry SR RN 29 SRR (4 I A ) AL

min c"y
{ ¢ , 3)
s.t. hso(y) <0,i=1,2,..., K

A Q) AT A 2), BAT REIE T 5RFEFEAR 60 MX R K MBRAR, &A= (3) T, AR (2)
e g, BT A G) WARAR, JF B2 MR R A, B R 2 K AR — AN EEH ORI, 7T DUE 5L
AR HEAT KA.

TG sARACTVES, OSBRI 2 WL G S I FEA S K, DAMRIES B S HER I L4 R, @ %, K MEUE
SRR, AR CRFEACH At MR AT AT SEVE. JRTIT K SOARBERE R, RSB/ THELRA. BRI, b TS [ £ ) REUA0 52
Wi, TBGEA RS K R, LT f A S8R I AL ST AR K, 7R DL e B

1 5NN 3) AT I BAFEME— R v, BELETRRES Hec(0,1) ME(EEKTFZH
Be0,1), Wk 2

82%(1nllg+m) @

Horb, K A FBEHUCREERIREAREL, m LR R BN, IBA 2 /TE 1 - B B E N Rty il 4
HRTE 2R E R TET 1-¢, B P{6 e Ahs(y) <O > 1-¢.
23 ETFRO,PEEENXELMELTE

SF LX) ARERA Alx<b', KA A = {A|A<A <A} D mxn X FFERE, o' =(b|b<b<b) &N
m YEDX A ] 2. [A) 5 X A Alx < B B — AN BRAR, 02 Axy <D X TH N A e A b e b Hr. H Xy R A ik
FRISE S, 1 LA T A RRA L.

R 1 A AMEX AR Alx < B! R, WIFTA SRR SE S Xy = (x) —x, | Ax —Ax, <b,x, > 0,x, > 0} . %k
PEX ARG RA Al x> b B R, WHTE RRRIES X = (v —x | Ax —Ax, > b,x; 2 0,x, > 0}

ARG B A X 1A A 1 Ze MEAS % 3R GE B AR, T AT L@ I R 1 e DX 1) AN S 30 A D 26 1 10 ) 1] R
SR8 X3 58 LT X AN S AR ).

EX 3. BHXE X=[aga AXAY=[bb], WKXIAX.Y = [min{ab,ab,ab,ab}, max{ab,ab,ab,ab}] , X [f]
X-Y=[a-ba-b] . AE—N¥Hc, X+c=[axc,axc], cX =[ca,cal -

AN X AR AR X R TR 5, 2 Pl — AN DX R AN S5 2, B /N 1) X A] K P38 308 30 DA RO B e, R I
R AR b S 25 S N, a] DAy 2R M I R R (iR 2 R A R BN B i . T A IR SRR A g (v)
x € [x, %], B E E B AT AL

80 -5 = ZOF-, L€ [T
SE T 2 5] NBET Hp {5 TR 03 488 R 50 X TR 4k 5 % ~
R 2. LR g0 1 B o Rove [x 3], = 2

4] _ _
80 € g(B) + 5 (I FDlx—EF -,
X

Hr, %([z,ﬂ) FIRAT (o) B B HEAT [X () SRVE IS S A5 B RO 45 2R,
FET o v (B 8 PR X 1) 2 1 A 75 925 el o 2 B 2 R Ak R B A O IX TR 5K, PR el 1 BEAT 2k
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b, 5 B3 I DX ) iz A5 30 1 45 SR L, 1205 V215 380 00 DX I B o e, SE I ADURS R AR 2 R SRadE il — A
Ut B B R AT IX R vk dE S B T oy R e BEIX R T VE AN R 2 AL

Bl 1 RS R AL g(x) = X° =222 + 4, x € [4,5], I BRI 1 g(x) € [48,95] . A ST ek 5 i 45— T 4
I X (A Feikis 55 7] LAE 3 g(x) € [30, 1131 ET- 5o B 8 B X AL TR E SR8 B S X = 4.5, Bk g(x) i3F
TRFM g(0) =32 —dx+4,xe[4,5] . ¥rg'(x) B E X 3 FHAT X A1 H G g (x) €[32,63] , AT Lhg(x) € g(4.5)+
g(x)(x—4.5)=[37.125,100.125] , X /&K £ [30, 113] /).

TR 1 AR, TR B, 8 2 AT X 1A SR L B R i S R B A — U AT X (R SRR 5
B TR ) R A HE AR

3 HORFHFERR LW

TEBN 1 RS A PEIRE 7 T, —FhRAT I 5 5 R A B RSIE . BT 3171 R A 22 A VR E ) s W 2R
At 1, BMEXT T B A T30 1235 M R gt g Wk, 543Kk, 3T RAMMER 2 2 f B2 2 )7z 0, 1
oo R E B A B E 2 A, BIARZEESR RAPIE — BB BNA TN R 2 4 X, AT N8
T BEIE T (barrier certificate, BC) SRINIE RGN & £ MAME, B T B2 &%, RENEHEREIE B R
G eEME, BT EE e,

3.1 FERFIES

RS 2 — PR AT AL AR ZE (Y 7 vk, a8 — AN R ok 8 X, BRI NBGR T RG I 4RrE TR AL R, 7]
L2 2 TR E. BHEAEABES A EX. FRFFIE 1R R PR R0 AN X35, 55 B S IE IR 1
AT ) AT R A B AN R 22 4 IR ) e [m) T IRAS R BRASHIE P B tHili & — B ISR 1F, B R G PIRS R AR FRTE 2
M)A TN, FR T 2 R . I A R E B AR, AT E R AL B R E N Ex e
X5k, 1IEUE IR R R 2. FEBAREHAR IO T, ARSI IR R G0 2 AE L 7 R LR FRASIE A 2
AR, Kk 22 PP [R] B VB T A SCHBRIRIE T € A2 TR X, (HA SR 77296 A R R T 2 1% 2

I3 (BRIER)). A — MESII N RS C=(f. X, Q.X) FIMR MR % 4 XX, C X, 5 B iE1
B:R" — R AFTE, W75 200 /2 LT 264

BC1. Vx € X, B(x) <0

BC2. Yxe X,, B(x) > 0;

BC3. Ve X, 22000448 <0, JHeln, 2 e Ry MR,

R fSIE 5 B(x) H4 7T IE X3 1) BTG RS SR S R TE S 4K, Kl 22 4 X3 b 1) BTG IR AS B D TE 5240 B(x) 1Y
FREAWVIE XIS 28 X0 T, TR RGRSIEESEA T TR, 24 B(x) = 0 R ALK 2 B(x) <0 BPIR
AL B(x) > 0 FPIRAS PO 23 3 4 B RSAIE 140y 15 B 1) 0 6 F) SR % 1 R 5 1) 22 A . 45 R AR 31—
/& BC1-BC3 ] B(x) , MWW AU IZ R G028 2.

3.2 HEERPERIESR

R BERGIE 15 F T 56 30 71 R G HOMER 22 4. Xue 25 A Pl R R 48 AR 2 AT N IR /5 — 2 B A5
P T ARFELE 22 522 4 1) H AR R, B0 2 X — PR B R SRR R I AL 2 4 1. G880 S v HHE T AN PR AR A,
FIFH PAC BRASHIEH IR UES) ) R G MEZE 22 41, 7T LATE AL PPl B 430 ) RA B 4E 30 1 RS At
T PAC % I RE R st AL T E R I R BE RN S 2 TR R RE S 8 e MEEEAK TS B K. 2T
EH 3, R T I 2 &SRS ) RS PAC FERSIET (probably approximately correct barrier certificates, PBC) &
IE B RS AR R (ol 22 4 12k,

EX 4 (PAC BERFIER). A —NMESI N RT C = (f, X, Q.X) MMM MIEZ XX, c X, #B:R" >R
RRTUEFTRBESH £ € (0,1) MERFBEKTZHB e (0,1) 1) PAC FEhFiESS, W #iH 2 T b 2%+
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PBCI. ¥xeX,, B(x)>0;
OB -
PBC2. Vx€ X, a(x)f(x) +AB(x) < 0, Hrr 2 e R y— M & I H 5L

PBC3. fEEEHEZED RN 1-BIFEMLT, P(xe Xy | Bx)<0) > 1-¢.

# B B(x) T 2 PBC1-PBC3, MR/ 1 - g FIERBEE T, W LAUC MHIAE X35 X, H R BPIRFSEE S A
PRSI ZE KNI ER DN 1 —e. PAC 2EMESEE LT — NI HE L= A2 PAC FfigiE 35 i Ak
R, NHZETRBESEDNTEAG T NRIE &, 30245 RBHESHOT LOED I 2500 Bk f5). H#
TAR G 55 AR BB T8 M7 VE, 1% 7R BRI BB Akt o B B — o B R B SR B, AT IR o
B4Rk PAC FERSHIE i 2 LU R e 2.

EHE4 A B:RSRAEKT e (0,1) MBe(0,1) M PAC FERFIER, MIESFN 1 RS C = (f, X, Q. X) TEE D
1-BERIET, MEREMRMMERTET 1--.

ST PAC BERFAUEAS (3R A, AT LA il A A A TE 06 X8R 3@ 5 7 AR s v R A I AR AL I L 25 58 — N
SN IIRE C = (f, Xo, Q,X) TP AER 2 X X, C X, HFE— DRI Bx,c) : R > R —MHEEA, ¢ HFEISIE
P —THARE, Bx,o) ZRRTLETREMES e (0,1) MERBEKTFSHBeO,1) I PAC FRASIES, Wik
2 DL AR 4%

min f B(x,c)dx
c Xo

A B(x?,¢) <0, e X,
i=12,.K 5)
s.t. 4 B(x,c) >0, VxeX,

i—f(x, o) f(x)+AB(x,c) <0, Vxe X

I MU B(x, o) FERTER X 3k b AR S35 45 AT 46 DX 3 R (RS R AT E 22 #0396 2 B(x,0) < 0, BI—4LIRS
FEAFP AT A 2 BN AE 2 22X X,
B S A DR R AT AT I A ME— IR o, A8 R AT RBE S e € (0,1) FEE K TS
B €0, 1) FIZAET, BENURFEE K 92
K> %(lné +m),
Fort, m IRR RN WAEZRD 1 - HEFEET Plxe X | Bx) <0) > 1-¢, BIZI I RS C = (f, X, Q. X)
RZEVETIIREE DN 1 -¢.

4 HARBREFERERE

AR I8 A5 FH 5 00 A 7 VR R T A 4 B X R 26 MR T VK PAC RRSIE 15 1) SR AR 1) R R 2
KM IERR A B BONR R, 5 BB B R 1) 5 5 kA i — A 5 PAC BERSHIE T R 36 R 3h 11 R S5 A
R bk
4.1 EFKMERESERIRGE

TELIHRAE (5) W, @ SR T VR MAWTAR X 3 X, FHBEHLRAE K AFEAR £, SR, X BEREA SR — i g
s 4 B R ARG, N T HIRAEIS R B PAC RERFAE, BINH & M E AT T, Bt L a8 (5) #ih—
AR A RO 1) . A5 BN AL 2 SRR B RE A s B R AT R /D, BRIV 7E SRR A B I B s B LT, AR SR
RERETS IR AL I R . AR SO BERATAE PR B(x, ) = ZM Cox® . FL A, @ 5N —AMR K I IEE S M K
AR R YO €{0,1),i = 1,2,..., K RIAEEJF IR LR (5). 458 —NIELEBN 1 R R C = (f, Xo,Q, X) FAHRL 1)
XX, C X, FAE— MR B(x,0) R > RF— M A, ERETRAMESE e MBREEKTFSH LA E
MRG0T, ISR AR LR A IR SR T B(x, o) -
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K
i 0)

(t,y(g,li]:l]r.l,..,l( fxo B(x,c)dx+ Zi:l Y

/\ B&0-My? <0, x7eX, ©)

i=1,2,...K

s.t. 0 (B(x,c)—¢ 20, VxeX,

OB

a(x, A)f(x)+AB(x,c) <0, Vxe X @)

H, ¢ A—MRDNHEEL A A—ANEERELL xO,x, . x® 2 WATIE X I X, FREVLRRER K MEAR R M
N MR R IER, 8 TG 5 SORM R 2 29 9O H b b8 200 5200 2 08 K, AT SIS yO A BB A BR ). 4
¥ = O B, 0F K x© 3 R LI RAEAE. 2 yO = 1, ZORGEAERT X0 AP AR, xO AN Rl AL S8R e
PRSI Y SR LA B R (2 O BRHIE 15, DL 5 7R G ER 2 & P AR,
IR 6. 4 ¢ K LR BN R, 408 L EFTREES e e (0,1) MEFEKTSE B 0,1) BT
T, BEHLRAE R K i 2
K> %(lné +m+ 1),

Hrr, mo B(x, o) PARMAZR AL, WIS 1 - BINERE T P({x e Xy | B(x,c") <0} > 1 -, BIZIJI RS C = (£, X,,
QX)W R EZE DN 1.,

B R IR LA ) B2 AR R M, PASRAEA S (7) /& —A NP e il 8. 385 38 F 5l 20 8 5 21 0 XA 26 14
T, a3 (7) FERBANEARTES, TR BERHIE A5 (1 SR fR % e B ML 1), (5 T B 4eid i BB AL 28 Gurobi
BEAT R AR, N PAC BERSE B THESR AL 7 — 07 A A X (7) 181 KA S XL 21, B a2k gk
LA X, FIRGUIRES S E X 43 A XA 1, 11 %0R, Kb X, C Iy, , X C I Seilfiid e 3 2 R A it A S Ak
NIX [AIANEE S, T G 1 R M 2 AN R VB B I ZE RN, WM 35 20, A SRiRiiE
B T X (R PEAL JTVETERAIE SR - 3 71 R GiRT, BRTETE Ml A ML T M Ih RS 1 R R 2 2 4P, iX R W
{5 FH S B 2 e B0/ X TRIK BE, T 43 HER AR, AT K K3 e [X R 18 SRR 30 2.

4.2 HEAPERIIES

BT JE Ga AR A 1) R (5) B4k 3 Tk MV TR G B SO R 5 VE AR AE — AN AE I 1) R, BT AR5 [X 38 B
HURAE IR 50T BEAEAE B 20 FEAS SN R SR IR AL TR B (5) IO 20T 2% AR (V5 100, R h 2 T B Hhd SR PR RS HIE 5 7
FELERE A S A B AN R AERI UG X 38 R IR B4R, 25T ik, A SCdt 2 5] — 4 43 PAC B IE 15 (composi-
tional PAC barrier certificates, CPBC) SRfF 1)) 1 R G 22 2 PRI UE 19 1) 8. a3 se A VR K MUV
TRA BRI 7 VE2E 2] PAC BERSHIETS. R A s AR5 0] 8 P dh A7 36AIE,, AN S 06 X3 1 20 3R AR 1) U N
S A5y AR S A B T R ] — 2 A U PAC BRASHE TS, SRR miBh 1 RGN R 2 £ IRAE I AREE.
7 RE S B A R B A ST R T VA I B A AN B, ] 2 3EAT A,

Bl 2: i —NELBN I R R

X1
[xz] .

RERESTM X = {xeR*: —2.5< %, %, < 2.5}, YA X, = {x e R*: ~0.5< x, <0,-1 < x, < 1}, X, IRMIIEI -,
Xk X, =(xeR*: 1.2<x <2,-2< x5, < -0.17} .

HREFREES S =01, BEEKTFSHA=10"2, M=10". B 6 Al RN X I8 P BEHLFRE A
AEL K =813 . I EETF K M VR IR A RO R T7 2, LERIGE XS R BEALRAE 813 AMFEAR 1% 3] PAC BEAFIE TS
By =—12.858+8.958x, — 15.0x; .

W 1 (a) Fiow, SHEFLAES BIRRVIGE X M dE 2 2 X3k, B, RO ELERR, HIR2AE B, BH X
SrRRTT. BT RIEE R K MR SR By, B0 TE R 1505 R WA X 3 I R A8 L R4 Bo(x) < 0. T T RIAETE 5

—X1 +X1X;

—X,

© TEBREEEEIEDT  htp/ www. jos. org. cn



Ja

W E S AT PAC F 3 49406 XML EREFFHE S A %, 1915

AN R A=0.112,-0.993) « B(=0.104,-0.928) «  C(-0.072,-0.922) « D(-0.009,-0.963) « E(—0.063,—0.974) . ¥
WILE X Sk o3 235045 X, AR 230 X, WA DX, Horr X, B8 BT 1. I X, FBENLRFE K 45, %3] PAC
FRAFIE TS B, = —8.907 +7.287x, — 10.998x, , 40/ 1 (b) B EAEHLFT/~. M X, FEEVLREE K A5, %2 PAC [
FSHIETS B, = —0.099 + 3.666x, + 1.573x, , WK 1 (b) FHIHE A E LR,

Barrier border Barrier border

25 = s 25 = =

Tiﬁ.////// \K\\ 2 \x

el
. & 7 I RN

s B B - AN

T N

-15 il R -15

20 B5F / /1 L\ N ‘;-k\ 20 |

e e & x

(a) B/ BRI TS (b) 425 SURERHE 15

K1 HE e R A

W X, X, R REREE A BIARN B, F1 B, BOAIE B] K13 2 SR UG 20 SR 464 By (x) < 0 1 By(x) < 0, 435I mT AU 7E
A 1-10" FEBET, WX, H R PR T S 0 2 i 2 2 At R IR 20 0.9, X, R IR
TEFE AR AL I FE i e A R 20 0.9. B, f1 B, —i2W 146 X X, HIEw & Xk X, k. Biknf
DIRHTEZR D 1102 MBEEFGT, Z I RAWHEZ e HIMEEDR 09, B, B, AN ZRGZ N —H
PAC AL, & [FI6E RS MR R 22 41k

FLF UL BB R R IR R, AR SCHREHE 2 5] — S AH A 3K PAC BERSAIET3 (19 75 1%, DAB DR RE AR 55 P ] B A7 I 1]
A i) S

EX 5 (HEX PACERIER). HE8 —MNELINITRG C = (f, X, Q,X) MMM AERERIEX, X, #
B\,B,,....B, RRTZEFRBEMESH e (0,1) ERFBEKTSHB 1) F—HHAEX PAC FREFIET, 7
JEFIR A

CPBCI. Vxe€X,,Bi(x)>0,i=1,2,...,n;

0B, . . £ "
CPBC2. VxeX,g(x)f(x)+/lB,-(x) <0,i=1,2,....n, Hp 1 e R — [ € 1% 2L

CPBC3. Val",x®, ... 2% eXx,, A BG))<O0,i=1,...,n NHE, Hh(X,,...,X,} 2 X, f1%15, K ZRATFHX,
Jj=12,.K
R BEALRAE BRE A S ELi 2 A X (8).
ST R — A A5 PAC BAGIE B, B,,..., B, , AT X, K MER ST Bi=1,2,...,n #HRE

Wz R, BT REAS R 2T RRESE cc0,1) MEFEEKTFZH B 0,1) g, H AT PAC
WRERSHIE 3 T 27 ST IRE A AN TR, IR R R BN 1 - e HE T PAC FERSE T A0 % &Mt DR e BT 45

EIE 7 (HAR PAC BERIER@MRZ2M). 0% B,,B,,...,B, N —HH A& PAC FFiEH, i & CPBC1-3,
MEZED 1 - MBEET, AT RS C = (f, X, Q, X) FEED 1 — & IR T 2 2 AR,

W 2 o N A2 PAC FRfSHIER IR IEHELS, BARFE LT,

(1) & 7V = (X} BRI X, —AK 5 4K PAC BRGIEH4E4 CPBC = {}; i=1;L=100.

(2) T 20 = (X, X0} R TBR, 0, 9 EET 20 ST HAE, BEYLREE K AR, FERRR M S
AT AR RS PAC BERHES BY,...,BY .
(3) A T = {}; BRI THXD hil K ADPER SRR AR T LK B (0 <0, j=1,2,...n , & LN
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K B (x) fE NS CPBC; 5 M X0 ARAZAE IR GA3, K X AF BN T .
(4) & T ={}, W3R A H &30 PAC FESIEH4E S CPBC; B, & i=i+1, i 20 T Kngml sy, Bk 1

B
2] Liang

REFAR Se— PR SR

T R
SRS i | Y.
N B |

l £ 2 £
LTSy
| Pk mimma s |
&

—[ S5 8 S X AT R4 }—

2 HE PAC BISIEFHMEHELL

H T PR Ak 1) R 2 T K MR IR A B ORI 7 v, TEA R 5IN T 78 &, (R a] B A7 70 S B . i
A0 B S 5 1 DX AT R 4 J5 EE o B AS X S-S PAC BEAIE S, Al 58 4 bl il JR 1] AR 20 3R, AT A il
— A A PAC BRASHIE 15 R ILRIBAIE ) ) R SRR Ee 2 A1k, 32 m S0 IE I HE R M. X = ) 5 5 3 R VP E A AL
TR AR IE TR AR SR AN e A M SRR 2, I H BB ik B0 45 R

12N 57T, AR H A A PAC FRAFIE BT EGE H T # M2 SRS, s NisH R4, Azh
B AT ISR R G IS 22 A k. BN, 7E45 & % & T R RESHR B S EAFSHN &4 T, WhLE A
RGHATIRAUE, DL RV AAE B R P AT S I A2 B SMT . 5 B 3072 Bk R R I AR R A8 i8 %
R ANE B T FOME SR 22 4, T (%2 T 0 AT S b A 2 A k.

(Rl bk, A SR H SR ARZE & sURRRSHIE 15 B 7 V2 N IR B ] R G IR 2 A PR Bt T —Fh A A, wf
ST, T2 E R R AR 7 IUE b B AR, IE A, PLES =) Sk R A Tz R 7.

5 BERSRBIRR

AT e Gl R A B BN R TR AR R — 4 A 30 PAC FERSHIE T A 5092, R — A = 4k ek A7 v am
4R,

51 B %

F 1 RR T ARSI A A 3 PAC BERSIE P A BGE. S F—ANA e IS 1 KRG MR % & X,
e LR ERIEN Z T RBESH e« MBEEKESHE, B —MRERWIEFE M, ¥4 20 WIEE A
Xo , PGB A SE G+ MR A 4R, 1A NRASIE TR A CPBC WIa AR, B R i Mtai oy 1, LUk
29100, K A2 € 6 (BENLRAEEL. 2 i AT LI, FFETEIE B 1AT). W T 2% g — DRI O (F 2 17), B
BUSREE K A SASIREA S& 0 GF 3 17), I (7) it 2 58 2 e A X a4k, i i 1% X e A2
R ARG, B 1 LRSS 4.1 35 BT H A9 35 F K MOVERTR A B BRI vk, T LB S N B R A A
Gurobi HEAT KM, 133 PAC FRFIET B (5F 4 17). 14 & HHREAS £ 046 X 380 R GG 20 R 444 (5), B0 TIE 2 7539
& B HIEAEREA & FARIE R 2 461, 236 2 ¥ B NN CPBC 47 (B8 5. 6 17), AWM LMK Z & /s O
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DEIR O, MO, PR, Forp—B 5 a P B, % O, M 0, IR 85 7o (58 7-9 17). & 7 24, TR

UL VA 17 R AR RO 46 DO R 23 B, 3R 81 CPBC BN —4 PAC BERFHETS (35 104 11 47). 50, K i E 3, =

{45 7 (5 12-1447), SRJER 70 spRpARI > BLbAT ¥ —Fe 0 1. 4 i IER 100, W IEPE3R, 7R JeiEIEHIfE
B 1-BBEREE T, ZRGARD | — e MR N2 22

ik 1. 420 PAC BERGIFH4E k&% CPBC.
W EEINARLC=(£,X,Q.X), FLREEX,, ZEFRBUESH e, BEEKTFSHB, KM, 9= (X},
={}, CPBC={},i=1, L=100, K > %(lnl+m+1);
e\ B

Hrdt: —4H PAC BERSIEH CPBC.

1. while i < L do

2. for ¥ FE—NRISH T

3 KEEO T KA RREINANE G

4. B I TR M VERNR & BRI 77201 5 PAC BRSIES B
5. if & HEAFEA S x ZB R B(x) <0

6 % BN CPBC

7 else

8 ¥ ORNR T O, 55 a b A A SFIE RG] 5
9 ¥O,, O, AT

10. if TRS

11. return CPBC

12. else
13. i=i+1
14. =1

52 ABIRE
AT — A B =4 ) TR BORTES B — MELLEN T RS C = (f, X0, Q. X) AR IE 2 & X X, C X
FIREFOL T, W] 5 2)Z R G414 30 PAC FESHET.
] 387 e — AN ESEN I RS
)'Cl — X2
X3 —x =2x-x3+ X%

CHARGHRETM N X ={xeR3: —2<x1 X0, X <2V, MBI A Xy = {(x e R*: 0< xy, 0, x5 < 1), AR XN
X, ={xeR: 1.5<x <2,0< xp,x3 < 1), Q AL
BB PERFIET B(x,c) = co+c1x +Caxa+c3x;, AR 1 WS¢, =cy—cn, i=0,1,2,3. KEZETFHRBESH
e=0.1, BEEEAKTFSHA=10"2, KEM=10*. HEF 6 Al 50 W4 X 5 BEHLRAE RIREA ST K > 732.624 , B
K =733, y? {0, 1} NI R, i=1,2,...,K.
15 X, PR A ERL R
/\ B(x?",¢)-My? <0, x¥ € X,.

i=12,..K

78X, bl e 2 AER B(x) - ¢ > 0 X [A14L15:
co+1.75¢, +0.5¢, +0.5¢5 + ¢,[-0.25,0.25] + ¢,[—0.5,0.5] + ¢5[—0.5,0.5] = ¢ > 0.
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LG

Cor = Cop+ 1.5¢1, = 2¢1 — e — 3y — 6 > 0.
X Bl e 2 AR —(X)f(X)+/lB(X)<OI:IEWJM?
Aco+ A+ 1)ey[=2,2] + (A + Dea[-2,2] + (4 + 16)c3[-2,2] < 0.
BT
Acor = Acor + 2+ Deyy + 204+ Dep + 20+ Deay +2(4 + Dy +2(A+ 16)cs; +2(4 + 16)ex, < 0.

H bR i/ Me B(x )dox FIANH L LI R SF AT AN, 2 1=0.132, ¢=0.05, 25 1 #0520 = (x"},

B" = —13.709 + 11.603x, +2.989x, — 3.446x;,

I REA SUR T2 B (x) <0, 351 (0.999,0.841,0.013) « (0.983,0.936,0.142) « (0.963,0.984,0.024) 1% 3 4> 4l
K XD AENFN G AR E ST T, IEIE T BRI 5y, T4 7@, R 2 = (X, Xy, K XP = (xeRY:
0<x <050<x,x<1), XP=(xeR:05<x <1,0< 0,5 <1} .

M X HBENLRAE K AMREA S, 8IS K M % 2] PAC BRASIE 13

BY = -9.749 + 12.389x, +3.717x, — 4.284x;,

BUEREAR SRR B R LS BP (x) < 0, FIAIATEAE 91 5, B 204 30 PAC [EFFIEFH4E4 CPBC = (B .

XD FHBENLRAE K AMREA A, T8I K M %57 2] PAC FERSIE 5

BY = -6.103 +6.835x, +8.882x 107" x;,

BAIEREA U T2 BY (x) <0, 351 (0.946,0.957,0.980) « (0.903,0.782,0.762) +  (0.992,0.267,0.109) 1% 3 4> [ f
OB XD AENBNER A G T, HIE T Al 7, Is 2@, i 2@ = (X, X0}, Kt XP = (xe R?: 0.5 <
% <L0<x<050<x <1}, X(3)—{xeR3'05<x, % <1L,0<x; <1},

M XD I BEHLREE K AMEA R, 18I K M 57 2] PAC BRASIES:

Bg” = —3.216+2.564x, +0.747x, — 0.860x;,

B AR A 2 73 A2 20 R A B(”(x) <O, ATEIAAELE A1 A5, Bt 24 50 PAC A IE Fi454 CPBC = (B, B} .

M XD BEHLREE K AR R, 18I K M %5 2] PAC BRASIES:

BY = -3.223+2.415x, +0.264x, — 0.429x;,

B REAS S5 A5 BY (x) < O, FTRIARTELE S 1, ER 20 4 50 PAC RS IE 344 CPBC = {B®,BY, B} . 1T
SR T R, BT A T a4, RIRZH &5 PAC BEASIE o8 B2, BY, BY . AT LUBIEE BEEE DN 1-107"2
MIZAE T, RS0 E 2 A TER AR 22/ 0.9.

6 SEWERRD

TEATTH, FATH 4R H ¥ CPBC VAT T4k, LASEILNT 11 NERMELLS) ) RGHAT R 2 2 3000E . 7]
i EE T CPBC HVAM Xue %5 A2 H 1) PACBC J7i% ), H R 3 T o vh 4 2 B2 X [R144. 75 7% PACBC-DM 3
177 528, B SEge #2 7F Ubuntu 524 R3] 3.30 GHz Intel(R) Xeon(R) Gold 6246 43 2% . NVIDIA GeForce
RTX 2080 Ti CPU 1 64 GB RAM HIHLAE I AT 1. A SCAE FAEE AL A Gurobi sRAFIE -G B HOM R 7] B, SLa0 45
RWE L.

BESE 11 ANSEMEREBIHEAT T X B 9288, Herp S EiE 200 ZERUREG), DLITAL 3T 5020 b 48 e 3 X A4k 5 3 1A
Ll K CPBC 5 PACBC JiEZ AR 2 5. 5T 15 4 DL E fm4ibipl, M Ratschan FIBF T HHIEE T — Al
JRAEREB P, FE R LA AR AR B AT T IR N1, PACBC J5 10088 3 7E T4 X 38 i 240 3R b 51 KA 5t 2%
FHAE H AR R R B MUGIX — 8 BRSRARBRATUE 1. 7E4G R 2R M A S5 N2 M LB, PACBC ELHEER A IX (A etz .
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M Z T, PACBC-DM f£Rf F 2k 1 A 55 22 VA0 I SR AT T Gl 2y v B2 B DX TR R PR AL D v, eR Tl S
PACBC H[F. tt4h, CPBC KA T K M ¥ TR & B EOR R 5 R SR AR B A IE S, {8 F 26 Tl s B B X
() 2 A 77 VR A ER AR Z A L SRS 0 T — S8 IR B ) R 48, ASCERDRE 1 45301 PAC BESIES, LI
RS 2 A

W R, n, NENNRGPRELEINE, d FoRfES P2 IR RS R, & nZeETmRRES
e, o T Ira R, BAEEAKTSHB=10". T RoxitHEI 8] (BL s AL, dp RoRBEISIES IR LR
IBATI ] A 20000 s, 115 KT 3% 1% 7 108 A 1 2RI, BVAS RELE B K I& 47 I 1] 4 A2 i PAC BRASHIE TR 56 E 5 7
RGN 2tk

R RITAG DU IR TAEX L

PACBC-DM PACBC CPBC

Ex Ny dy €
T (s) dp T (s) dp T (s) dp N
0.2 1.50 1 371 2 1.17 1 1
(e 2 2 0.1 2.89 1 7.13 2 2.14 1 1
0.05 5.51 | 1421 2 417 1 1
0.2 2.16 1 2.19 1 1.79 1 1
P 3 3 0.1 4.02 1 16.35 2 333 1 1
0.05 7.78 | 32.63 2 6.54 1 1
0.2 5.54 1 75.54 2 5.05 1 3
;™ 7 2 0.1 14.30 1 166.14 2 9.58 1 4
0.05 120.74 | 315.03 2 2033 1 6
0.2 23.00 1 186.58 1 6.74 1 1
Cy™ 9 2 0.1 30.27 1 190.07 1 13.31 1 1
0.05 116.40 | 207.56 1 2627 1 1
02 118.93 1 668.79 2 10.30 1 1
cs™ 12 1 0.1 129.20 1 1333.60 2 19.85 1 1
0.05 150.67 | 2639.76 2 40.05 1 1
0.2 15.74 1 — — 14.51 1 1
Ce™ 15 5 0.1 550.07 | - — 28.17 1 1
0.05 588.67 | — — 56.47 1 3
0.2 21.77 1 258.19 1 18.40 1 2
¢, 17 5 0.1 39.68 1 — - 35.64 1 2
0.05 418.40 | — — 71.21 | 1
0.2 2325 1 312.65 1 2153 1 1
cg™ 19 5 0.1 45.96 | — — 41.93 | 1
0.05 93.95 | — - 83.94 | 3
02 — - — — 789.11 1 1
Co™ 101 5 0.1 - — — — 1574.74 1 1
0.05 - - - — 3136.34 | 1
0.2 884.38 1 864.17 1 824.72 1 1
Cio™ 101 5 0.1 1735.06 1 1704.87 1 1616.99 1 1
0.05 3373.56 1 3362.61 1 3185.07 | 1
0.2 — — — — 4012.86 1 1
™ g0 5 0.1 = - - - 7894.78 1 1
0.05 — - — — 15714.11 1 1

N T e s ) rP R B HEZ AN AT X L I 5, AT R 1 — R 515885, 42 PACBC-DM
TR BUX LR A5 R, XS 11 RGBT LLB S, BATAIAEZ EH 0L T PACBC-DM RILL T PACBC. X 1%
7N PACBC fERG AR LA S SREAMEAL I FLR T X ] sfikiz 5, S EUBOR M IX R 5K, IX AR R L Ol (45
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HeAK 1] R SR AR A I, BEF 12 mP B B A X TR) A0 7 VR B AL T RSB 0 X AU 1. 7E PACBC VA BRI 1%
BUR, JEE T B 4 XD s n B A PR 1) R O TR T AT AR, (X ] R 5 BOR M R Z= B S Fe A2 0. A LE
Z T, PACBC-DM R #HATASMX Kl 4 L AEIR B PTAT 7, W18 T M H 80K,

TEREB €, — Cs A Cyo 1, CPBC A1 PACBC #lRE RN GRS /1 R G ML SR 22 41, 38 A [R] ) 22 4 75 SR i (i 28
K.OE LR T(s) FUETT AE B, s T8GR 1 5, CPBC 7EX L4444 b (R BLAE T PACBC. filt, T4
Bl Cs , TELZARE 1 -7 0.95 K& T, PACBC FERT 2639.76 s LAGHIE RS HIMESE 22 4 E, i CPBC {X 7 40.05 s,
F R PACBC 1 65 1%, 5T REG] €5, FE 222N 0.95 &L R, PACBC FHERT 315.03 s 7F 2 IREEASIE P45
RIS E RS 22 4k, T CPBC H i 20.33 s BP AT A= gl 20 A T2 20 1 IR PAC BAFIE T, 8% 2 PACBC 1)
15 1. BB €5 3 T AR B SR 10 22 4 U Y A R A PAC BRI 3RIGAE R B MER 224, SEi Rl B T
PACBC, £/~ 1 IR PAC FfSIE 5 B A RIE ) IR AR OE B . 5 PACBC A2, CPBC TRK R4
PEA TSR PR B SR 5 T 5oy R A e BRI 53, B AR T X M8 sk LA, $em 7 i B4 Rk . 78
PACBC AKAESRAF IIATMRIIIE BT, AN AE 22 4 XIUR R GotR A daladh 47 X 38R 4 LA e el T X 119 7k 5 808)
o] B, AELIX 88 0 T SR AN 8] O T4, ZE 2B b, 5T PACBC, B 58 2R E A R 43 K IR A L R AE 1 YRR REHIE A
BT SR A, B TR U X I AT R 3. 25 RS B SR At it 7] BB Kl 43 B A PR B B A, AR FE I B KR B0k 4, 18
b 325 $ i X IR A3 IR AT FE R IEAR SR AR 5 1E 1 IR BERSHIE T 4544 N AR TR, ISR A 2 WRBSRASE Pk AT 15

TEFEH] Co — Co 1, W5 CPBC BE M THIRAE AT A FEOITEA R 22 A B T MEZR 22 4. S5 LA, PACBC R
RELERED] €, R Cg TP, AR 2 2 RMEDN 0.8 B THEGAIE 2R S8 FIME SR <2 41, T CPBC RELE % & BIME N 0.95 FITEUL T
FRINERAE, FLIN () 30R 20 14 £5. CPBC B >RG4 30 PAC BEfFIE T, MBS T RAMM R 4. X F
PACBC IiF RO, TATHAT T — RIR B A B, 16 1 IRFERHE PR T, i 2% 4 X IR RG0S
WS A AT I % 4 R0y 53R, CASR AR o DX el ok 5 35000 T8 vT A7 A in) 0. S SRATS oA, OISR 2 IR B AHIE
FOREAT AR, 76 26 BT 5 AF 22 4 X IR R GUIR A U 3R FE 30473 4 J5 SR AR 0 SRAE B K32 47 B IRDS Bl 475 6
F, WU FRRAT SRR IR AIE R . IX e Sz a 45 SR W, PACBC HSGIE I FE B BE AR M T RS B B 4RI, F %Ak
LR 3L X ) AL B X R 3y da ST R (R 22 5. A L2 R, CPBC 3@ s FH 25 1 o m 8 B 1)
X TR 592, TG 7 % XA T %143 B AT s 36 VAR B 2R 22 Ak IR B T LG UIE A0 20k, S R It L7
BRI RGN AR 2 A 50 D5 T K32 38 k.

ARSCREERT A 101 4EIREGIHEAT T X ELSei®, #4401 C, P57 H Ratschan 2 A P TAE, FEG) €, P Xue %
At Ratschan FEFIRE R, FoH RGURA 2 A5 4 B BRI TE [-0.3,0.3] 0SB . X TR o, HRGURE S
[ BISE R ([-10,10]), IXAE X AL AL R FE ™ B T PACBC J7 ik BRI X A1 3RIRIE 5 51 N 3R 22 1] .
TSR AT X IR 2 b3, FRAT TR BRI TR S R VRIS A T 8] P, tTCVESRAR. FRAT15% 30K DX kBT LRI o
1024, 2048 Fi1 4096 X Ikt 1T12 5, ELEFTH XL A, #RAELERUE BB RISITH] [0 YRR, WA AT X
By, BT XA Sk i i, IRk B AT AT R, ML 2 T, CPBC JBid SR B A 1 IRERSHIE S, 4 3thit
1T T N RGN A IAE, X —BAE I T, 2500 P e BEEEAT 1) X R 2 M A 7 32, A8 B B 32 X AT AH 3R 7
15, TEARAL I R A I B8 B el TR g )RR TR A TR €y, BT IV 28 [BYE B, PACBC 7E X 8] #H e 4
H AN KB 85, T 7E X (8] £ PR AL I BE RS Rt SR A SR ITT, SIgf 4 S BoR, CPBC 7E XK T R R PG
R, BeAh, RSB —BRE T —> 201 4ERIFEG], FATKIN, 7E PACBC ik IiE 3] /1 R4t M2 22 4 1 1%
HLF, CPBC TEAZEAT X3 R 43 AT 4R, RINHLIGIE T 30 /1 R SRR 22 4 1.

25 LRI, 5T CPBC HEMESL) PAC BEASUEF5 4 il Ve S 8e b e 3L T H B 1 1 Be. X T PACBC Toi %
IERI B, CPBC @it A s 414 20 PAC FEFSIES, @ RO sE Il T 30 /1 R SRR 22 004E. T T PACBC &k
FEZE M AT — S G AR B 1 R 5 TR B EMAUR, RHEE &Y 1 R4+, Bk, AR CPBC &Hik
TESRTL 80 11 R B MR 22 A RS T7 T AT 3598 DL HA, N YEs) 1 R G ISR 2 AR T — R 3L i
WHE.
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ARSI T S B S T35 2 — HA & 30 PAC BAHIE T R 50E, DL APV IE S50 ) RGMFR 2 20
E AR A AN 58 PR AN R 4IRS 23 18 S5 PR Al R SR A PAC FRRSHIE TS OO0 AL 1] L AL 9k Tk MV VR & B0 )
R R TAE 3 A DX NS AR, T 37 5 e A D5 J2 R 3 -l o L R DX 18] 2 PEAL T3 3, R LA O
AED AL I, I8 BUE LS Gurobi HEAT KA. BeJaxd 11 DNARLMEELES) ) R GEIEAT M HUskle. Segnas AR
B, A SCHRE LK) CPBC SR AEAN 5 B0 X IHEAT Rl 7 (K DL, A SSIE 1 BTy R FROE R 2 4k, [RIIRFE R 1 2
TG R T B X AV 2 PR A 7 725 B BE A SR AR AF R M 20K, TS B e LR 255 SEIR 45 R, AR SEPr REEH)
TP RO 1 SEH HATSEI 7579, A B AR 8 850 ) R G R 2 A VEIUE U 1 K .

FE X TR PEAL LR, AT DUKE X8 20 0 i 22 A8 23, I v 8L 5 BEORSR moRs E, AT A7 20k 2 75 SR IE
FHIBCR, (B2 B E NSRRI 8], A SCRr$ 7 AN X 3805 7, i A il e A 3 2 RSk 45 T A Z 1)
ATHTSITH S ZER . ROR, JATHE PR 2R o)1 48 X 383 3 R 1) PAC PRI O 5 SR A g [R], DAt — 2B 9
R AN S .
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